Abstract-The behavior of the polarization of negative muons in Zn 0.99 Co 0.01 O was studied in order to search for a possible magnetic ordered phase. The sample was obtained using solid phase synthesis from ZnO and Co 3 O 4 . Measurements were performed in a magnetic field of 1.5 kG transverse to the muon spin in a temper ature range of 5-300 K and in the absence of an external magnetic field at 6 K. No evidence of long range magnetic order were observed.
INTRODUCTION
Dilute magnetic semiconductors are interesting from the point of view of their possible applied use in opto and magnetoelectronics. Although magnetic semiconductors have been known for a long time, the search for materials with a high Curie temperature T C which could be the basis of electronic elements capa ble of operating at room temperature and higher has continued. The magnetic properties of a binary semi conductor of gallium arsenide with manganese admix ture Ga 1 -x Mn x As with the Curie temperature equal to 159 K were studied in the most detail [1] . Recently, ferromagnetic properties at room temperature were observed in CdGeP 2 :Mn and CdGeAsd 2 :Mn semi conductors [2] .
It follows from theoretical calculations [3, 4] that doping elements of transition metals into ZnO can yield a magnetic semiconductor with a Curie temper ature higher than room temperature. These calcula tions stimulated a series of experimental studies of the properties of Zn 1 -x M x O compounds (where M is V, Cr, Mn, Fe, Co, Ni) (see, e.g., [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] ). The results of experimental studies turned out to be contradictory: in some papers, the observation of ferromagnetic proper ties of ZnO samples doped by Mn, Co, or Ni was reported, and in other papers ferromagnetism was not observed.
In theoretical [20] and experimental [21] studies, the following conclusion was made: for ferromagnetic ordering in ZnO, it is necessary to dope the sample with nitrogen alongside transition metals. According to calculations [20] , the existence of p type charge carriers (holes) contributes to the formation of the fer romagnetic exchange interaction of atomic spins of transition metals in ZnO. At the same time, it follows from calculations [22, 23] that magnetic ordering in the Zn 1 -x Co x O system is possible in the presence of a certain concentration of the Co-V O pair consisting of cobalt and oxygen vacancy. Depending on the ratio of concentrations of cobalt ions and the Co-V O pair, any of the following possible magnetic phases can occur: paramagnetic, superparamagnetic, antiferromagnetic, ferromagnetic, and spin glass phases. According to [22, 23] , the magnetic properties of Zn 1-x Co z O observed in some experiments are due to the occur rence of the superparamagnetic state. For the identifi cation of these states, it is insufficient to measure mag netic susceptibility and hysteresis depending on the magnetic field. It was also noted in these papers that in this case microscopic methods such as μSR, electron paramagnetic resonance, and γ ray diffraction are the most appropriate for identifying the magnetic phases.
ZnO is related to wide gap "direct" semiconductors with a wurtzite crystalline structure, ρ = 5.6 g/cm 3 , E g = 3.35 eV, T D = 416 K, T melt = 2248 K, g n = -1.94 [24] , and g p Ӎ 1.5 [24] . Monocrystals and films of ZnO mainly possess n type conductivity, which is due to the high concentration of inherent defects: interstitial Zn i donors, zinc vacancies V Zn , and oxygen vacancies V O . For this reason, obtaining a sample with p type con ductivity by doping ZnO with elements of V group (N, P, As) is rather complicated, and electron states of acceptor centers in ZnO have been left practically unstudied. Only a few of papers can be found in which obtaining samples with p type conductivity by doping ZnO with nitrogen is reported (see, e.g., [25, 26] ). Nitrogen atom replacing oxygen in the crystalline lat tice of ZnO forms the acceptor center with the ioniza tion energy E v = 140 meV [26] (E v = 180 meV [27] ).
Search for Magnetic Ordered Phase in Zn 0.99 Co 0.01 O Compound using µSR Method
This study is devoted to a search for the possible magnetic ordered phase in the Zn 0.99 Co 0.01 O system using the μSR method at the beam of polarized nega tive muons. When muons are stopped in the studied sample, part of the negative muons is captured by oxy gen atoms. Since the Bohr radius of the muon in the 1s level is approximately m µ /m e Ӎ 207 smaller than that of 1s electron, the negative muon screens the charge of the nucleus by one unit and the structure of the elec tron shell of this oxygen atom becomes similar to the structure of the electron shell of a nitrogen atom. The muon spin polarization depends on the state of the electron shell of the atom that captured the muon, the interaction between this atom and the medium, and the magnetic structure of the medium. In para magnetic materials and the diamagnetic shell of the atom that captured the muon, the muon spin preces sion takes place at a frequency close to f Ӎ 13.55H, where H is the external magnetic field on the sample in kG and f is the frequency in MHz.
Earlier studies in a number of oxides of transition metals indicate [28] that, if there is a paramagnetic-anti ferromagnetic phase transition the muon polarization in the 1s level of oxygen atom observed at the free muon spin precession frequency in the external magnetic field decreases abruptly by a factor of 2-3. Muon spin relax ation with a rate of 0.1-1 MHz due to the interaction of magnetic moments of the muon and electrons of the d shell of transition metals is observed in the paramag netic phase. In the antiferromagnetic phase, magnetic moments of atoms of transition metals are ordered, which results in the essential growth of the muon spin relaxation rate and, correspondingly, the absence of muon polarization at the free spin precession fre quency. In the ferromagnetic phase, muon spin pre cession can be observed in the magnetic field of the domain in the absence of an external magnetic field.
MEASUREMENTS
Measurements were performed at the GPD spec trometer [29] situated at the muon channel μE1 of the proton accelerator at the Paul Scherrer Institut (PSI) (Switzerland) in a magnetic field and in the absence of an external magnetic field. The value of the homoge neous magnetic field perpendicular to the vector of initial muon spin polarization was 1.5 kG with a long term stability of no worse than 10 -4 . The measure ments were performed in a cryostat blown by helium vapors, which varied the sample temperature in a range of 4.2-300 K. The sample was packed into a copper cell. The cell with the sample was glued to a copper holder. The sample temperature was stabilized with a precision no worse than 0.1 K.
A polycrystalline Zn 0.99 Co 0.01 O sample with a total weight of ~5 g was used. The sample was obtained by solid phase synthesis from a corresponding gross composition of ZnO and Co 3 O 4 mixture. The single phase character of the sample was checked by X ray phase analysis on a DRON 2 diffractometer. The method for obtaining single phase Zn 1 -x Co x O sam ples was described in detail in [18] .
The time evolution of polarization P(t) of muons stopped in the sample was studied by measuring the time distribution of electrons of μ -e -+ + ν µ reaction emitted perpendicular to the external mag netic field. The time dependence of the number of reg istered electrons (with respect to the time of muon stopping in the sample) has the form (1) where N 0i is a quantity determined by the number of muons captured by atoms of the i type (i = 1 is for Zn, i = 2 is for O), τ i is the muon lifetime in the 1s level in an atom of ith type, f i and ϕ i are the frequency and phase of muon spin precession in the magnetic field, Bg is the random background unconnected with the decay of muons stopped in the sample, k and Δt are the number and width of the histogram channel, and t 0 is the zero time position in the histogram.
Δt was 0.625 ns in these measurements. The mea surement method and procedure of restoration of the muon spin polarization function P i (t) from the μ -SR spectra were described in detail in [30, 31] .
EXPERIMENTAL RESULTS AND DISCUSSION
Experimental data were fitted by function (1) at the assumption that P i (t) = P 0i exp(-λ i t) and λ i = 0 for Zn. Since muon lifetimes in the 1s copper and zinc levels are rather close, (163.5 ± 1.0) and (160 ± 0.7) ns [32] , the contribution of muons stopped in the cell and the holder and muons captured by zinc atoms in the sam ple in function (1) was described by one term in the sum (one exponential function with a variable life time). For this reason, the muon polarization in zinc found in these measurements is somewhat underesti mated and these results were not taken into account in further discussions. Below we consider the results of an investigation of muon polarization behavior for muons captured by oxygen atoms. It should be noted that fit ting experimental data using the polarization function P(t) = P 0 exp corresponding to muon spin relaxation in a dilute system of randomly distributed fluctuating magnetic moments does not result in a noticeable reduction of χ 2 . Figure 1 shows the time dependences of the muon spin polarization G(t) in the 1s level of oxygen mea sured at 6 and 150 K. After subtracting the contribu tion of the background, Cu, and Zn, experimental data were multiplied by exp(t/τ O ) (where τ O = 1.840 μs is the muon lifetime in oxygen); summing over eight
) channels (Δt = 5 ns) was performed. It can be seen that relaxation, i.e., the reduction of muon spin polariza tion with time, takes place. Temperature dependences of the relaxation rate λ and the value of the initial muon spin polarization a = P 0 /3 in the 1s level of oxygen are shown in Fig. 2 . As the temperature increases, the muon spin relaxation rate decreases and the initial polarization increases. Temperature dependences of λ and a are approxi mately described by the following functions: λ = 2.25 T -0.5 and a = 0.034 + 0.00004T. It is possible that there are some irregularities of λ and a as functions of temperature near 6 K.
The frequency of muon spin precession in a mag netic field is independent of temperature (see Fig. 3 ), and the average value in an interval of 5-300 K is f = (20.271 ± 0.002) MHz for the expected value f 0 = 20.330 MHz for a field of 1500 G. Correspondingly, the shift in the muon spin precession frequency in the sample is Δf/f 0 = (f 0 -f)/f 0 = (2.9 ± 0.1) × 10 polarization in the 1s level of oxygen at room temper ature is close to maximally possible with account for muon depolarization upon the transition from the excited level to the ground state. These data indicate the absence of magnetic phase transition and long range magnetic order in the studied temperature range, at least with one transition temperature for the whole sample. However, it is possible that short range magnetic order can occur with a decrease in tempera ture, which is confirmed to by the gradual reduction in the muon spin polarization amplitude.
Ferromagnetic ordering in the sample can be observed by measurements in the zero external mag netic field. In the case of ferromagnetic ordering of magnetic moments of cobalt atoms (ions), a notice able magnetic field should exist in the volume of sepa rate domains. Correspondingly, in the absence of an external magnetic field, muon spin in the 1s level of oxygen precesses in the internal magnetic field of sep arate domains. In this case the projection of the polar ization vector on the direction of the initial muon polarization depends on the angle θ between the direc tion of the magnetic field in the domain and the initial muon polarization as (2) If there is an equal probability of different spatial ori entations of domains, averaging over θ results in the reduction of the observed spin precession amplitude by one third when compared to the value corresponding to the true value of muon polarization (see, e.g., [33] 
However, in measurements without an external magnetic field at T = 6 K, muon spin precession with a frequency in a range of 0.14-250 Hz was not observed. At the same time, in an external magnetic field of 1500 G in the whole temperature range, 5-300 K muon spin precession (and insignificant shift in pre cession frequency) is observed, which testifies to the presence of muon spin polarization. This means that the absence of a signal of muon spin precession in the
zero external field is not due to complete loss of muon polarization in matter. Therefore, there is no ferro magnetic ordering in the sample with a magnetic field in domains higher than 10 G. The following is also possible: due to the random distribution of cobalt atoms and the fact that the sample is powderlike, the size of spaces in which the correlation of magnetic moments of Co ions takes place is much smaller than the domain size typical for common magnetic materi als (superparamagnetic state) and such sizes can differ strongly. In this case the value of the magnetic field in different parts of the sample differs, which may result in the absence of muon spin precession in the zero external magnetic field.
Thus, the results obtained in this experiment do not speak in favor of long range magnetic ordering in the Zn 0.99 Co 0.01 O system in a temperature range of 5-300 K. However, it is possible that small (when compared to the domain size) local regions are formed in the sam ple in which magnetic moments of cobalt ions are cor related. 
